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Cell

Cell Definition

Cells are the basic unit of life. In the modern world, they are the smallest known world that

performs all of life’s functions. All living organisms are either single cells, or

are multicellular organisms composed of many cells working together.

Cells are the smallest known unit that can accomplish all of these functions. Defining

characteristics that allow a cell to perform these functions include:

 A cell membrane that keeps the chemical reactions of life together.

 At least one chromosome, composed of genetic material that contain the cell’s

“blueprints” and “software.”

 Cytoplasm – the fluid inside the cell, in which the chemical processes of life occur.

Below we will discuss the functions that cells must fulfill in order to facilitate life, and how they

fulfill these functions.

Function of Cells

Scientists define seven functions that must be fulfilled by a living organism. These are:

1. A living thing must respond to changes in its environment.

2. A living thing must grow and develop across its lifespan.



3. A living thing must be able to reproduce, or make copies of itself.

4. A living thing must have metabolism.

5. A living thing must maintain homeostasis, or keep its internal environment the same

regardless of outside changes.

6. A living thing must be made of cells.

7. A living thing must pass on traits to its offspring.

It is the biology of cells which enables living things to perform all of these functions. Below, we

discuss how they make the functions of life possible.

How Cells Work

In order to accomplish them, they must have:

 A cell membrane that separates the inside of the cell from the outside. By

concentrating the chemical reactions of life inside a small area within a membrane,

cells allow the reactions of life to proceed much faster than they otherwise would.

 Genetic material which is capable of passing on traits to the cell’s offspring. In order

to reproduce, organisms must ensure that their offspring have all the information that

they need to be able to carry out all the functions of life.All modern cells accomplish

this using DNA, whose base-pairing properties allow cells to make accurate copies of

a cell’s “blueprints” and “operating system.” Some scientists think that the first cells

might have used RNA instead.

 Proteins that perform a wide variety of structural, metabolic, and reproductive
functions.
There are countless different functions that cells must perform to obtain energy
and reproduce.
Depending on the cell, examples of these functions can include photosynthesis,
breaking down sugar, locomotion, copying its own DNA, allowing certain
substances to pass through the cell membrane while keeping others out, etc.
Proteins are made of amino acids , which are like the “Legos” of biochemistry.
Amino acids come in different sizes, different shapes, and with different
properties such as polarity, ionic charge, and hydrophobicity.
By putting amino acids together based on the instructions in their genetic



material, cells can create biochemical machinery to perform almost any function.
Some scientists think that the first cells might have used RNA to accomplish
some vital functions, and then moved to much more versatile amino acids to do
the job as the result of a mutation.

               The different cell types we will discuss below have different ways of accomplishing

              these functions.

Cell Types

Because of the millions of diverse species of life on Earth, which grow and change gradually

over time, there are countless differences between the countless extant types of cells.

However, here we will look at the two major types of cells, and two important sub-categories of

each.

Prokaryotes

Prokaryotes are the simpler and older of the two major types of cells. Prokaryotes are single-

celled organisms. Bacteria and  are examples of prokaryotic cells.

Prokaryotic cells have a cell membrane, and one or more layers of additional protection from the

outside environment. Many prokaryotes have a cell membrane made of phospholipids, enclosed

by a cell wall made of a rigid sugar. The cell wall may be enclosed by another thick “capsule”

made of sugars.

Many prokaryotic cells also have cilia, tails, or other ways in which the cell can control its

movement.

archaebacteria



Prokaryote cell

These characteristics, as well as the cell wall and capsule, reflect the fact that prokaryotic cells

are going it alone in the environment. They are not part of a multicellular organism, which might

have whole layers of cells devoted to protecting other cells from the environment, or to creating

motion.

Prokaryotic cells have a single chromosome which contains all of the cell’s essential hereditary

material and operating instructions. This single chromosome is usually round. There is no

nucleus, or any other internal membranes or organelles. The chromosome just floats in the cell’s

cytoplasm.

Additional genetic traits and information might be contained in other gene units within the

cytoplasm, called “plasmids,” but these are usually genes that are passed back and forth by

prokaryotes though the process of “horizontal gene transfer,” which is when one cell gives

genetic material to another. Plasmids contain non-essential DNA that the cell can live without,

and which is not necessarily passed on to offspring.

When a prokaryotic cell is ready to reproduce, it makes a copy of its single chromosome. Then

the cell splits in half, apportioning one copy of its chromosome and a random assortment of

plasmids to each daughter cell.



There are two major types of prokaryotes known to scientists to date: archaebacteria, which are a

very old lineage of life with some biochemical differences from bacteria and eukaryotes, and

bacteria, sometimes called “ eubacteria,” or “true bacteria” to differentiate them from

archaebacteria.

Bacteria are thought to be more “modern” descendants of archaebacteria.

Both families have “bacteria” in the name because the differences between them were not

understood prior to the invention of modern biochemical and genetic analysis techniques.

When scientists began to examine the biochemistry and genetics of prokaryotes in detail, they

discovered these two very different groups, who probably have different relationships to

eukaryotes and different evolutionary histories!

Some scientists think that eukaryotes like humans are more closely related to bacteria, since

eukaryotes have similar cell membrane chemistry to bacteria. Others think that archaebacteria

are more closely related to us eukaryotes, since they use similar proteins to reproduce their

chromosomes.

Still others think that we might be descended from both – that eukaryotic cells might have come

into existence when archaebacteria started living inside of a bacterial cell, or vice versa! This

would explain how we have important genetic and chemical attributes of both, and why we have

multiple internal compartments such as the nucleus, chloroplasts, and mitochondria!

Eukaryotes

Eukaryotic cells are thought to be the most modern major cell type. All multicellular organisms,

including you, your cat, and your houseplants, are eukaryotes. Eukaryotic cells seem to have

“learned” to work together to create multicellular organisms, while prokaryotes seem unable to

do this.



Eukaryotic cells usually have more than one chromosome, which contains large amounts of

genetic information. Within the body of a multicellular organism, different genes within these

chromosomes may be switched “on” and “off,” allowing for cells that have different traits and

perform different functions within the same organism.

Eukaryotic cells also have one or more internal membranes, which has led scientists to the

conclusion that eukaryotic cells likely evolved when one or more types of prokaryote began

living in symbiotic relationships inside of other cells.

Organelles with interior membranes found in eukaryotic cells typically include:

 For animal cells – Mitochondria, which liberate the energy from sugar and turn it into

ATP in an extremely efficient way.

Mitochondria even have their own DNA, separate from the cells’ nuclear DNA,

which gives further support for the theory that they used to be independent

bacteria.

 For plant cells – Chloroplasts, which perform photosynthesis, making ATP and sugar

from sunlight and air.

Chloroplasts also have their own DNA, suggesting that they may have originated

as photosynthetic bacteria.

 Nucleus – In eukaryotic cells, the nucleus contains the essential DNA blueprints and

operating instructions for the cell.

The nuclear envelope is thought to provide an extra layer of protection for the

DNA against toxins or invaders which might damage it.

It is unknown whether the nucleus might also have been an endosymbiotic

prokaryote at one time, or whether its membrane simply evolved as an extra layer

of protection for the cell’s DNA.

 Endoplasmic reticulum – This complex internal membrane is a major site of protein

creation for cells. The evolutionary origin of the endoplasmic reticulum is not known.



 Golgi apparatus  – This internal membrane complex can be thought of like the

endoplasmic reticulum’s “post office.” It receives proteins from the ER, packages and

“labels” them by attaching sugars as needed, and then ships them off to their final

destinations!

 Others – Many eukaryotic cells can create temporary internal membrane “sacs,” called

“vacuoles,” to store waste, or to package important materials.

Some cells, for example have special vacuoles called “lysosomes” which are full

of corrosive substances and digestive enzymes. Cells simply dump their “trash”

into lysosomes, where the harsh environment breaks them down into simpler

components that can be re-used!

Examples of Cells

Archaebacteria

As mentioned above, archaebacteria are a very old form of prokaryotic cells. Biologists actually

put them in their own “domain” of life, separate from other bacteria.

Key ways in which archaebacteria differ from other bacteria include:

 Their cell membranes, which are made of a type of lipid not found in either bacteria

or eukaryotic cell membranes.

 Their DNA replication enzymes, which are more similar to those of eukaryotes than those

of bacteria, suggesting that bacteria and archae are only distantly related, and

archaebacteria may actually be more closely related to us than to modern bacteria.

 Some archaebacteria have the ability to produce methane, which is a metabolic process

not found in any bacteria or any eukaryotes.

Archaebacteria’s unique chemical attributes allow them to live in extreme environments, such as

superheated water, extremely salty water, and some environments which are toxic to all other life

forms.



Scientists became very excited in recent years at the discovery of Lokiarchaeota – a type of

archaebacteria which shares many genes with eukaryotes that had never before been found in

prokaryotic cells!

It is now thought that Lokiarchaeota may be our closest living relative in the prokaryotic world.

Bacteria

You are most likely familiar with the type of bacteria that can make you sick. Indeed, common

pathogens like Streptococcus and Staphylococcus are prokaryotic bacterial cells.

But there are also many types of helpful bacteria – including those that break down dead waste to

turn useless materials into fertile soil, and bacteria that live in our own digestive tract and help us

digest food.

Bacterial cells can commonly be found living in symbiotic relationships with multicellular

organisms like ourselves, in the soil, and anywhere else that’s not too extreme for them to live!

Plant Cells

Plant cells are eukaryotic cells that are part of multicellular, photosynthetic organisms.

Plants cells have chloroplast organelles, which contain pigments that absorb photons of light and

harvest the energy of those photons.

Chloroplasts have the remarkable ability to turn light energy into cellular fuel, and use this

energy to take carbon dioxide from the air and turn it into sugars that can be used by living

things as fuel or building material.

In addition to having chloroplasts, plant cells also typically have a cell wall made of a rigid

sugars, to enable plant tissues to maintain their upright structures such as leaves, stems, and tree

trunks.



Plant cells also have the usual eukaryotic organelles including a nucleus, endoplasmic reticulum,

and Golgi apparatus.

Animal Cells

For this exercise, let’s look at a type of animal cell  that is of great importance to you: your

own liver cell.

Like all animal cells, it has mitochondria which perform cellular respiration, turning oxygen and

sugar into large amounts of ATP to power cellular functions.

It also has the same organelles as most animal cells: a nucleus, endoplasmic reticulum, Golgi

apparatus, etc..

But as part of a multicellular organism, your liver cell also expresses unique genes, which give it

unique traits and abilities.

Liver cells in particular contain enzymes that break down many toxins, which is what allows the

liver to purify your blood and break down dangerous bodily waste.

The liver cell is an excellent example of how multicellular organisms can be more efficient by

having different cell types work together.

Your body could not survive without liver cells to break down certain toxins and waste products,

but the liver cell itself could not survive without nerve and muscle cells that help you find food,

and a digestive tract to break down that food into easily digestible sugars.

And all of these cell types contain the information to make all the other cell types! It’s simply a

matter of which genes are switched “on” or “off” during development.



Related Biology Terms

 Epigenetics – The process by which genes are turned “on” or “off” by adding or

removing chemical groups from parts of the chromosome.

 Eukaryotes – Complex cells with multiple chromosomes and internal organelles such

as mitochondria, chloroplasts, and nuclei.

 Prokaryote – Single-celled organisms with a simple structure, typically having one

chromosome and no internal organelles.

DIFFERENCE BETWEEN PROKARYOTIC AND EUKARYOTIC CELL –

DEFINITION

The difference between prokaryotic and eukaryotic cells are as follows:

Features Prokaryotic cell Eukaryotic cell

Size 5-100 micrometer 1-10 micrometer

Nucleus
No nuclear membrane or

nucleoli (nucleoid)

True nucleus, consisting of nuclear membrane

and nucleoli

Ribosome Small Large

Membrane-

enclosed organelles
Absent

Present. For example, lysosomes, Golgi

complex, endoplasmic reticulum, mitochondria

and chloroplasts

Mitochondria Absent Present

Endoplasmic

reticulum
Absent Present

Vacuoles Absent Present

Golgi apparatus Absent Present

Example Bacteria, blue green algae Euglena, Amoeba and all plants and animals
PROKARYOTIC CELL - DEFINITION



The prokaryotic cells are the cells which do not have a nucleus.

 The DNA/genetic material will be freely floating in the cell cytoplasm.

 These are primitive cells which lack most of the cell organelles (e.g. mitochondria, Endoplasmic

reticulum etc.)

 The prokaryotic cells consist of bacteria, blue-green algae, mycoplasma and PPLO (Pleuro

Pneumonia Like Organisms). 

PROKARYOTIC CELL- BACTERIA - EXAMPLE

The bacteria are microscopic unicellular prokaryotes.

 They are ubiquitous (present everywhere) in nature. 

 It is believed that 1ml of the water we drink contains close to 80,000 bacteria.

SIZE OF THE BACTERIA - EXAMPLE

Bacteria are microscopic and the size of most bacterium vary from 0.2 to 10 m. [1 micrometer

(m) = 0.001 millimeter (mm)].

 Thiomargarita namibiensis, the largest bacteria ever discovered measures 750 m.

 The smallest bacteria are the Mycoplasma (0.15 to 0.3 m).



SHAPE OF THE BACTERIA - EXAMPLE

The cell wall of the bacteria gives them different shapes. The bacteria are classified based on

their shape as

 Bacilli- Rod-shaped (eg. Bacillus, Lactobacillus)

 Cocci- Spherical shaped (e.g. Staphylococcus, Streptococcus)

 Vibrio- Comma shaped (e.g. Vibrio cholera)

 Spirilla- Spiral/helical shaped (e.g. Spirillum and Helicobacter)

Some bacilli and cocci can exist in the form of  pairs or bunches or chains, depending on their

arrangement they are further classified as

 Diplococci-  Cocci arranged in pairs (e.g. Neisseria gonorrhoeae)

 Streptococci- Cocci arranged in in chains (e.g. Enterococcus faecalis)

 Staphylococci Cocci- arranged in bunches (like a bunch of grapes) (e.g. Staphylococcus aureus)

 Tetrads and Sarcinae- Cocci arranged in packs of 4 and 8 respectively. (e.g. Tetrad-

 Micrococcus, Sarcinae- Sarcina lutea)

 Diplobacilli- Bacilli arranged in pairs (e.g. Coxiella burnetii)

 Streptobacillus- Bacilli arranged in chains (e.g. Streptobacillus moniliformis).

Some bacteria can have corkscrew shape and are called spirochaetes (e.g. Treponema)

OVERVIEW OF THE STRUCTURE OF A BACTERIAL CELL - DEFINITION



The bacteria are single-celled microorganisms. The structure is made of the following

components

 Cell envelope- covers the cell surface

 Mesosome- special membrane structure present in some bacteria 

 Cytoplasm- Fluid that fills a cell.

 Nucleoid- naked (not covered) DNA of the cell

 Ribosomes- protein synthesizing components

 Cytoskeleton- responsible for support of the cell.

 Flagella and Pili- Extracellular appendages (attachments) in some bacteria

 Inclusion bodies - stored food (granules)

ULTRA STRUCTURE OF THE BACTERIAL CELL-CYTOSKELETON -

DEFINITION

Cytoskeleton, as the name suggests is the skeleton-like structure of the cell that supports the cell

structure.

 It is distributed all over the cytoplasm

 Made of a network of filamentous proteinaceous (made of protein) structures.



 Provides mechanical support

 Important for maintaining the cell shape

 Helps in the motility of the cell

EXAMPLES OF PROKARYOTIC CELLS - EXAMPLE

Prokaryotic cells can be easily identified by the absence of the nucleus. All the

bacteria, Mycoplasma, Cyanobacteria and PPLO (Pleuro Pneumonia Like Organisms) are

included in prokaryotic organisms. Some of the examples of bacteria are

 Escherichia Coli  

 Lactobacillus

 Bacillus subtilis

 Vibrio cholerae

 Salmonella Typhimurium

 Staphylococcus aureus

Overview of Cell Structure

There are hundreds of different kinds of cells in an animal body. But all the cells share a

common cell structure such as cytoplasm, cell membrane, and nucleus.

The outermost layer of the cell is the cell membrane / plasma membrane. This cell structure is

an ultra-thin layer. It is a partially permeable membrane which controls the movement of

substances in and out of the cell. This movement of substances is a selective process as it only

allows for certain molecules to be transported.



The plasma membrane is useful for the cell for the following reasons:

o Separates cellular contents from external environment

o Excretes waste products

o Gains nutrients

o Generates essential ionic gradients

o Maintains a proper pH and ionic concentration in cell

o Secretes useful substances

o Has receptors for recognizing chemicals like neurotransmitters and hormones

 

The plasma membrane is basically a phospholipid bilayer. Its unique orientation allows it to have

polar and nonpolar properties. This is due to the structure of phospholipids, which contain polar

heads that are hydrophilic (water-loving) and nonpolar fatty acids chains (tails) that are

hydrophobic (water-hating). The hydrophilic heads face outwards into the environment and

hydrophobic tails face towards each other.

Plasma Membrane Structure

 Phospholipid Structure



Carbohydrate chains are bound to phospholipids or protein molecules like antennae.

Carbohydrates are known as ‘glycolipids’ when they attached to phospholipid molecules and

‘glycoproteins’ when they attached to proteins. Glycoproteins and proteins protrude the

membrane.

There are cholesterol molecules embedded in the membrane. Some proteins are embedded in it

forming channels to pass substances like ions and certain polar molecules across either direction

of it while some proteins penetrate only a part of the cell membrane.

Some protein molecules float on the fluid phospholipid bilayer and some proteins are embedded

giving a mosaic appearance. Therefore, this structure of plasma membrane is known as ‘ fluid

mosaic model ’. The more cholesterol molecules there are in the plasma membrane, the more

fluid it becomes.

Cytoplasm is the living material of the cell. The texture is an intermediate between solid and

liquid, therefore it’s known to be a jelly-like material. It hosts complex structures and these

structures are known to be different kinds of organelles. These organelles are not visible through

a light microscope. A higher magnification is needed to examine those structures and they are

visible through an electron microscope.

The nucleus is the largest organelle in the cell and it is enclosed by an envelope of two

membranes. It is the controlling unit of the cell. There are pores in the membrane known as

nuclear membranes. There is a nucleolus and almost all the living cells contain a nucleus. A

membrane-bound nucleus is seen in the eukaryotic cell.

CELL THEORY



 The CELL THEORY,  or cell doctrine, states that all organisms are

composed of similar units of organization, called cells. The concept was

formally articulated in 1839 by Schleiden & Schwann and has remained as

the foundation of modern biology. The idea predates other great paradigms

of biology including Darwin's theory of evolution (1859), Mendel's laws of

inheritance (1865), and the establishment of comparative

biochemistry (1940).

     Ultrastructural research and modern molecular biology have added many

tenets to the cell theory, but it remains as the preeminent theory of biology. 

The Cell Theory is to Biology as Atomic Theory is to Physics.



Formulation of the Cell Theory         

     In 1838, Theodor Schwann  and Matthias Schleiden  were enjoying after-dinner coffee and

talking about their studies on cells. It has been suggested that

when Schwann heard Schleiden describe plant cells with nuclei, he was struck by the similarity of

these plant cells to cells he had observed in animal tissues. The two scientists went immediately

to Schwann's lab to look at his slides. Schwann published his book on animal and plant cells

(Schwann 1839) the next year, a treatise devoid of acknowledgments of anyone else's

contribution, including that of Schleiden (1838). He summarized his observations into three

conclusions about cells:

   1)  The cell is the unit of structure, physiology, and organization in living things.

   2)  The cell retains a dual existence as a distinct entity and a building block in the

                        construction of organisms.

   3)  Cells form by free-cell formation, similar to the formation of crystals (spontaneous

generation).

The modern tenets of the Cell

Theory include: 
   1. all known living things are made up of cells.

   2. the cell is structural & functional unit of all living

things.

   3. all cells come from pre-existing cells by division.

            (Spontaneous Generation does not occur).

   4. cells contains hereditary information which is

passed from

              cell to cell during cell division.

   5. All cells are basically the same in chemical

composition.

   6. all energy flow (metabolism & biochemistry) of

life  occurs

              within cells.    



  

     As with any theory, its tenets are based upon previous observations and facts, which are

synthesized into a coherent whole via the scientific method. The Cell Theory is no different being

founded upon the observations of many.  ( Landmarks in the Study of Cells )

  

     Credit for the first compound (more than one lens) microscope is usually given to Zacharias

Jansen, of Middleburg, Holland, around the year 1595. Since Jansen was very young at that time,

it's possible that his father Hans made the first one, but young Jansen perfected the production.

Details about the first Jansen microscopes are not clear, but there is some evidence which allows

us to make some guesses about them ( Jansen microscopes ).

 



     In 1663 an English scientist, Robert Hooke, discovered cells in a piece of cork, which he

examined under his primitive microscope ( figures). Actually, Hooke only observed cell walls

because cork cells are dead and without cytoplasmic contents. Hooke drew the cells he saw and

also coined the word CELL. The word cell is derived from the Latin word ' cellula' which means

small compartment. Hooke published his findings in his famous work, 

: Physiological Descriptions of Minute Bodies made by Magnifying Glasses (1665).

     Ten years later Anton van Leeuwenhoek  (1632-1723), a Dutch businessman and a

contemporary of Hooke used his own (single lens) monocular microscopes and was the first

person to observe bacteria and protozoa. Leeuwenhoek is known to have made over 500

"microscopes," of which fewer than ten have survived to the present day.

In basic design, probably all of Leeuwenhoek's instruments were simply powerful magnifying

glasses, not compound microscopes of the type used today. Leeuwenhoek's skill at grinding

lenses, together with his naturally acute eyesight and great care in adjusting the lighting where he

worked, enabled him to build microscopes that magnified over 200 times, with clearer and

brighter images than any of his colleagues at that time.

In 1673, Leeuwenhoek began writing letters to the newly formed Royal Society of London ,

describing what he had seen with his lenses. His first letter contained some observations on the

stings of bees. For the next fifty years he corresponded with the Royal Society. His observations,

written in Dutch, were translated into English or Latin and printed in

the Philosophical Transactions of the Royal Society . Leeuwenhoek looked at animal and plant

tissues, at mineral crystals, and at fossils.

 He was the first to see microscopic single celled protists with shells, the foraminifera, which he

described as "little cockles. . . no bigger than a coarse sand-grain."  He discovered blood cells, and

was the first to see living sperm cells of animals. He discovered microscopic animals such

as nematodes (round worms) and rotifers.

The list of his discoveries is long. Leeuwenhoek soon became famous as his letters were

published and translated.  In 1680 he was elected a full member of the Royal Society. After his

death on August 30, 1723, a member of the Royal Society wrote...  "Antony van

Micrographia



Leeuwenhoek considered that what is true in natural philosophy can be most fruitfully

investigated by the experimental method, supported by the evidence of the senses; for which

reason, by diligence and tireless labour he made with his own hand certain most excellent lenses,

with the aid of which he discovered many secrets of Nature, now famous throughout the whole

philosophical World".   No truer definition of the scientific method may be found.     

 

    Between 1680 and the early 1800's it appears that not much was accomplished in the study of

cell structure. This may be due to the lack of quality lens for microscopes and the dedication to

spend long hours of detailed observation over what microscopes existed at that time.

Leeuwenhoek did not record his methodology for grinding quality lenses and thus microscopy

suffered for over 100 years.

 

     German natur-philosopher and microscopist, Lorenz Oken  had been trained in medicine at

Freiburg University. He went on to become a renown philosopher and thinker of the 19th

century.  It is reported that in 1805 Oken stated that "All living organisms originate from and

consist of cells"... which may have been the first statement of a cell theory. 



   Around 1833 Robert Brown reported the discovery of the nucleus. Brown was a naturalist who

visited the "colonies of Australia" from 1801 through 1805, where he cataloged and described

over 1,700 new species of plants. Brown was an accomplished technician and an extraordinarily

gifted observer of microscopic phenomena. It was Brown who identified the naked ovule in the

gymnospermae.

This is a difficult observation to make even with a modern instrument and the benefit of

hindsight. But it was with the observation of the incessant agitation of minute suspended particles

that Brown's name became inextricably linked. The effect, since described as Brownian

Movement, was first noticed by him in 1827.  Having worked on the ovum, it was natural to

direct attention to the structure of pollen and its Brown  interrelationship with the pistil.

 In the course of his microscopic studies of the epidermis of orchids, discovered in these cells "an

opaque spot," which he named the nucleus. Doubtless the same "spot" had been seen often

enough before by other observers, but Brown was the first to recognize it as a component part of

the vegetable cell and to give it a name. This nucleus (or areola as he called it) of the cell, was not

confined to the epidermis, being also found, in the pubescence of the surface and in the

parenchyma or internal cells of the tissue. This nucleus of the cell was not confined to only

orchids, but was equally manifest in many other monocotyledonous families and in the epidermis

of dicotyledonous plants, and even in the early stages of development of the pollen. In some

plants, as Tradascantia virginica, it was uncommonly distinct, especially in the tissue of the

stigma, in the cells of the ovum, even before impregnation, and in all the stages of formation of

the grains of pollen.

 

     It is upon the works of Hooke, Leeuwenhoek, Oken,

and Brown that Schleiden and Schwann built their Cell Theory. It was the German professor of

botany at the University of Jena, Dr. M. J. Schleiden, who brought the nucleus to popular

attention, and to asserted its all-importance in the function of a cell. Schleiden freely

acknowledged his indebtedness to Brown for first knowledge of the nucleus, but he soon carried

out his own observations of the nucleus, far beyond those of Brown. He came to believe that the

nucleus is really the most important portion of the cell, in that it is the original structure from



which the remainder of the cell is developed. He called it the cytoblast. He outlined his views in

an epochal paper published in Muller's Archives in 1838, under title of "Beitrage zur

Phytogenesis." This paper is in itself of value, yet the most important outgrowth of Schleiden's

observations of the nucleus did not spring from his own labors, but from those of a friend to

whom he mentioned his discoveries the year previous to their publication. This friend was

Dr. Theodor Schwann, professor of physiology in the University of Louvain.

 

     Schwann was puzzling over certain details of animal histology which he could not clearly

explain. He had noted a strange resemblance of embryonic cord material, from which the spinal

column develops, to vegetable cells. Schwann recognized a cell-like character of certain animal

tissues. Schwann felt that this similarity could not be mere coincidence, and it seemed to fit

when Schleiden called his attention to the nucleus. Then at once he reasoned that if there really is

the correspondence between vegetable and animal tissues that he suspected, and if the nucleus is

so important in the vegetable cell as Schleiden believed, the nucleus should also be found in the

ultimate particles of animal tissues. A closer study of animal tissues under the microscope

showed, in particular in embryonic tissues, that the "opaque spots" that Schleiden described were

found in abundance. The location of these nuclei at comparatively regular intervals suggested that

they are found in definite compartments of the tissue, as Schleiden had shown to be the case with

vegetables; indeed, the walls that separated such cell-like compartments one from another were in

some cases visible. Soon Schwann was convinced that his original premise was right, and that all

animal tissues are composed of cells not unlike the cells of vegetables. Adopting the same

designation, Schwann propounded what soon became famous as the CELL THEORY. So

expeditious was his observations that he  published a book early in 1839, only a few months after

the appearance of Schleiden's paper.

      The main theme of his book was to unify vegetable and animal tissues. Accepting cell-

structure as the basis of all vegetable tissues, he sought to show that the same is true of animal

tissues.

 

     And by cell Schwann meant, as did Schleiden also, what the word ordinarily implies--a cavity

walled in on all sides. He knew that the cell might be filled with fluid contents, but he regarded

these as relatively subordinate in importance to the nucleus and cell wall.



     Their main thesis, the similarity of development of vegetable and animal tissues and the

cellular nature of life, was supported almost immediately by a mass of carefully gathered

evidence which a multitude of microscopists confirmed. So Schwann's work became a classic

almost from the moment of its publication. Various other workers disputed Schwann's claim to

priority of discovery, in particular an English microscopist, Valentin, who asserted that he was

working closely along the same lines. So did many others, such as Henle, Turpin, Du-

mortier, Purkinje, and Muller, all of whom Schwann himself had quoted in his work. Many

physiologists had, earlier than any of the above, foreshadowed the cell theory, including  Kaspar

Friedrich Wolff around the close of the previous century, and Treviranus in 1807.

     But, as we have seen in the scientific method, it is one thing to foreshadow a discovery, it is

quite another to give it full expression and make it the cornerstone of future discoveries. And

when Schwann put forward the explicit claim that "there is one universal principle of

development for the elementary parts, of organisms, however different, and this principle is the

formation of cells," he enunciated a doctrine which was for all practical purposes absolutely new

and opened up a novel field for the microscopist to enter. A most important era in Cell

Biology dates from the publication of his book in 1839.



 "Mikroskopische Untersuchungen über die Übereinstimmung in der Struktur und dem

Wachstum der Thiere und Pflanzen"   

  Microscopic Researches on the Conformity in Structure and Growth Between Animals and

Plants   

 

     For the first 150 years, the cell theory was primarily a structural idea. This structural view,

which is found in most textbooks, describes the components of a cell and their fate in cell

reproduction. Since the 1950's, however, cell biology has focused on DNA and its informational

features. Today we look at the cell as a unit of self-control. ie., the description of a cell must

includes ideas about how genetic information is converted to structure.

     The cell doctrine reached its present-day eminence in 1896 with the publication of E. B.

Wilson's The Cell in Development and Heredity , which was an accumulation of what was known

about the roles of cells in embryology and chromosomal behavior.

Landmarks in Study of Cell Biology

1595 Jansen credited with 1st compound microscope                                     SCROLL DOWN

1626 Redi postulated that living things do not arise from spontaneous generation.

1655 Hooke described 'cells' in cork.

1674 Leeuwenhoek discovered protozoa. He saw bacteria some 9 years later.

1833 Brown descibed the cell nucleus in cells of the orchid.

1838 Schleiden and Schwann proposed cell theory.

1840 Albrecht von Roelliker realized that sperm cells and egg cells are also cells.

1856 N. Pringsheim observed how a sperm cell penetrated an egg cell.



1858 Rudolf Virchow (physician, pathologist and anthropologist) expounds his famous

conclusion: omnis cellula e cellula  , that is cells develop only from existing cells   [cells

come from preexisting cells]

1857 Kolliker described mitochondria.

1869 Miescher isolated DNA for the first time.

1879 Flemming described chromosome behavior during mitosis.

1883 Germ cells are haploid, chromosome theory of heredity.

1898 Golgi described the .

1926 Svedberg developed the first analytical ultracentrifuge.

1938 Behrens used differential centrifugation to separate nuclei from cytoplasm.

1939 Siemens produced the first commercial transmission electron microscope.

1941 Coons used fluorescent labeled antibodies to detect cellular antigens.

1952 Gey and co-workers established a continuous human cell line.

1953 Crick, Wilkins and Watson proposed structure of DNA double-helix.

1955 Eagle systematically defined the nutritional needs of animal cells in culture.

1957
Meselson, Stahl and Vinograd developed density gradient centrifugation in cesium

chloride solutions for separating nucleic acids.

1965 
Ham introduced a defined serum-free medium. Cambridge Instruments produced the first

commercial scanning electron microscope.

1976
Sato and colleagues publish papers showing that different cell lines require different

mixtures of hormones and growth factors in serum-free media.

1981 Transgenic mice and fruit flies are produced. Mouse embryonic stem cell line established.

1987 First knockout mouse created.

golgi apparatus



1998 Mice are cloned from somatic cells.

2000 Human genome DNA sequence draft.                              

Prior to 1931 when the first electron microscope  (Fig. 1.9) was developed, magnification of

microscopes was limited to about 2 000 times. The small cell structures did not show up well or

remained invisible. The electron microscope not only showed more detail of previously known

parts of the cell but also revealed new parts. Cells and cell structures can now be examined at

magnifications of up to 500 000 times and more.

The Molecular Composition of Cells

Cells are composed of water, inorganic ions, and carbon-containing (organic) molecules. Water

is the most abundant molecule in cells, accounting for 70% or more of total cell mass.

Consequently, the interactions between water and the other constituents of cells are of central

importance in biological chemistry. The critical property of water in this respect is that it is a

polar molecule, in which the hydrogen atoms have a slight positive charge and the oxygen has a

slight negative charge ( Figure 2.1 ). Because of their polar nature, water molecules can form

hydrogen bonds with each other or with other polar molecules, as well as interacting with

positively or negatively charged ions. As a result of these interactions, ions and polar molecules

are readily soluble in water ( hydrophilic). In contrast, nonpolar molecules, which cannot interact

with water, are poorly soluble in an aqueous environment ( hydrophobic). Consequently,

nonpolar molecules tend to minimize their contact with water by associating closely with each

other instead. As discussed later in this chapter, such interactions of polar and nonpolar

molecules with water and with each other play crucial roles in the formation of biological

structures, such as cell membranes.



Characteristics of water. (A) Water is a polar molecule, with a slight negative charge (δ -) on the

oxygen atom and a slight positive charge (δ +) on the hydrogen atoms. Because of this polarity,

water molecules can form hydrogen bonds (dashed (more...)

The inorganic ions of the cell, including sodium (Na +), potassium (K +), magnesium (Mg 2+),

calcium (Ca 2+), phosphate (HPO 42-), chloride (Cl -), and bicarbonate (HCO 3-), constitute 1% or

less of the cell mass. These ions are involved in a number of aspects of cell metabolism, and thus

play critical roles in cell function.

It is, however, the organic molecules that are the unique constituents of cells. Most of these

organic compounds belong to one of four classes of molecules: carbohydrates, lipids, proteins,

and nucleic acids. Proteins, nucleic acids, and most carbohydrates (the polysaccharides) are

macromolecules formed by the joining (polymerization) of hundreds or thousands of low-

molecular-weight precursors: amino acids, nucleotides, and simple sugars, respectively. Such

macromolecules constitute 80 to 90% of the dry weight of most cells. Lipids are the other major

constituent of cells. The remainder of the cell mass is composed of a variety of small organic



molecules, including macromolecular precursors. The basic chemistry of cells can thus be

understood in terms of the structures and functions of four major classes of organic molecules.

Carbohydrates

The carbohydrates include simple sugars as well as polysaccharides. These simple sugars, such

as glucose, are the major nutrients of cells. As discussed later in this chapter, their breakdown

provides both a source of cellular energy and the starting material for the synthesis of other cell

constituents. Polysaccharides are storage forms of sugars and form structural components of the

cell. In addition, polysaccharides and shorter polymers of sugars act as markers for a variety of

cell recognition processes, including the adhesion of cells to their neighbors and the transport

of proteins to appropriate intracellular destinations.

The structures of representative simple sugars ( ) are illustrated in Figure 2.2 .

The basic formula for these molecules is (CH 2O)n, from which the name carbohydrate is derived

(C= “carbo” and H 2O= “hydrate”). The six-carbon ( n= 6) sugar glucose (C 6H12O6) is especially

important in cells, since it provides the principal source of cellular energy. Other simple sugars

have between three and seven carbons, with three- and five-carbon sugars being the most

common. Sugars containing five or more carbons can cyclize to form ring structures, which are

the predominant forms of these molecules within cells. As illustrated in Figure 2.2, the cyclized

sugars exist in two alternative forms (called α or β), depending on the configuration of carbon 1.

monosaccharides



Structure of simple sugars. Representative sugars containing three, five, and six carbons (triose,

pentose, and hexose sugars, respectively) are illustrated. Sugars with five or more carbons can

cyclize to form rings, which exist in two alternative forms (more...)

Monosaccharides can be joined together by dehydration reactions, in which H 2O is removed and

the sugars are linked by a  between two of their carbons ( Figure 2.3). If only a

few sugars are joined together, the resulting polymer is called an oligosaccharide. If a large

number (hundreds or thousands) of sugars are involved, the resulting polymers are

macromolecules called polysaccharides.

glycosidic bond



Formation of a glycosidic bond. Two simple sugars are joined by a dehydration reaction (a

reaction in which water is removed). In the example shown, two glucose molecules in the α

configuration are joined by a bond between carbons 1 and 4, which (more...)

Two common polysaccharides—glycogen and starch—are the storage forms of carbohydrates in

animal and plant cells, respectively. Both glycogen and starch are composed entirely of glucose

molecules in the α configuration ( Figure 2.4). The principal linkage is between carbon 1 of one

glucose and carbon 4 of a second. In addition, both glycogen and one form of starch

(amylopectin) contain occasional α (1→6) linkages, in which carbon 1 of one glucose is joined

to carbon 6 of a second. As illustrated in Figure 2.4 , these linkages lead to the formation of

branches resulting from the joining of two separate α (1→4) linked chains. Such branches are

present in glycogen and amylopectin, although another form of starch (amylose) is an

unbranched molecule.



Structure of polysaccharides. Polysaccharides are macromolecules consisting of hundreds or

thousands of simple sugars. Glycogen, starch, and cellulose are all composed entirely of glucose

residues, which are joined by α (1→4) glycosidic (more...)

The structures of glycogen and starch are thus basically similar, as is their function: to store

glucose. Cellulose, in contrast, has a quite distinct function as the principal structural component

of the plant cell wall . Perhaps surprisingly, then, cellulose is also composed entirely of glucose

molecules. The glucose residues in cellulose, however, are in the β rather than the α

configuration, and cellulose is an unbranched polysaccharide (see Figure 2.4 ). The linkage of

glucose residues by β (1→4) rather than α (1→4) bonds causes cellulose to form long extended

chains that pack side by side to form fibers of great mechanical strength.

In addition to their roles in energy storage and cell structure, oligosaccharides and

polysaccharides are important in a variety of cell signaling processes. For example,

oligosaccharides are frequently linked to proteins, where they serve as markers to target proteins

for transport to the cell surface or incorporation into different subcellular organelles.

Oligosaccharides and polysaccharides also serve as markers on the surface of cells, playing

important roles in cell recognition and the interactions between cells in tissues of multicellular

organisms.



Lipids

Lipids have three major roles in cells. First, they provide an important form of energy storage.

Second, and of great importance in cell biology, lipids are the major components of cell

membranes. Third, lipids play important roles in cell signaling, both as steroid

hormones (e.g., estrogen and testosterone) and as messenger molecules that convey signals from

cell surface receptors to targets within the cell.

The simplest lipids are fatty acids , which consist of long hydrocarbon chains, most frequently

containing 16 or 18 carbon atoms, with a carboxyl group (COO -) at one end ( Figure 2.5 ).

Unsaturated fatty acids  contain one or more double bonds between carbon atoms; in saturated

fatty acids all of the carbon atoms are bonded to the maximum number of hydrogen atoms. The

long hydrocarbon chains of fatty acids contain only nonpolar C—H bonds, which are unable to

interact with water. The hydrophobic nature of these fatty acid chains is responsible for much of

the behavior of complex lipids, particularly in the formation of biological membranes.

Structure of fatty acids. Fatty acids consist of long hydrocarbon chains terminating in a carboxyl

group (COO -). Palmitate and stearate are saturated fatty acids consisting of 16 and 18 carbons,

respectively. Oleate is an unsaturated 18-carbon fatty acid (more...)

Fatty acids are stored in the form of , or fats, which consist of three fatty

acids linked to a glycerol molecule ( Figure 2.6 ). Triacylglycerols are insoluble in water and

triacylglycerols



therefore accumulate as fat droplets in the cytoplasm. When required, they can be broken down

for use in energy-yielding reactions discussed later in this chapter. It is noteworthy that fats are a

more efficient form of energy storage than carbohydrates, yielding more than twice as much

energy per weight of material broken down. Fats therefore allow energy to be stored in less than

half the body weight that would be required to store the same amount of energy in

carbohydrates—a particularly important consideration for animals because of their mobility.

Structure of triacylglycerols. Triacylglycerols (fats) contain three fatty acids joined to glycerol.

In this example, all three fatty acids are palmitate, but triacylglycerols often contain a mixture of

different fatty acids.

Phospholipids, the principal components of cell membranes, consist of two fatty acids joined to a

polar head group ( Figure 2.7 ). In the glycerol phospholipids , the two fatty acids are bound to

carbon atoms in glycerol, as in triacylglycerols. The third carbon of glycerol, however, is bound

to a phosphate group, which is in turn frequently attached to another small polar molecule, such

as choline, serine, inositol, or ethanolamine. , the only nonglycerol phospholipid

in cell membranes, contains two hydrocarbon chains linked to a polar head group formed from

serine rather than from glycerol. All phospholipids have hydrophobic tails, consisting of the two

hydrocarbon chains, and hydrophilic head groups, consisting of the phosphate group and its polar

attachments. Consequently, phospholipids are amphipathic molecules, part water-soluble and

part water-insoluble. This property of phospholipids is the basis for the formation of biological

membranes, as discussed later in this chapter.

Sphingomyelin



Structure of phospholipids. Glycerol phospholipids contain two fatty acids joined to glycerol.

The fatty acids may be different from each other and are designated R1 and R2. The third carbon

of glycerol is joined to a phosphate group (forming phosphatidic (more...)

In addition to phospholipids, many cell membranes contain glycolipids and cholesterol.

Glycolipids consist of two hydrocarbon chains linked to polar head groups that contain

carbohydrates ( Figure 2.8 ). They are thus similar to the phospholipids in their general

organization as amphipathic molecules. Cholesterol, in contrast, consists of four hydrocarbon

rings rather than linear hydrocarbon chains ( Figure 2.9 ). The hydrocarbon rings are

strongly hydrophobic, but the hydroxyl (OH) group attached to one end of cholesterol is

weakly hydrophilic, so cholesterol is also amphipathic.

Structure of glycolipids. Two hydrocarbon chains are joined to a polar head group formed from

serine and containing carbohydrates (e.g., glucose).



Cholesterol and steroid hormones. Cholesterol, an important component of cell membranes, is an

amphipathic molecule because of its polar hydroxyl group. Cholesterol is also a precursor to the

steroid hormones, such as testosterone and estradiol (a form (more...)

In addition to their roles as components of cell membranes, lipids function as signaling

molecules, both within and between cells. The steroid hormones  (such as estrogens

and testosterone) are derivatives of cholesterol (see Figure 2.9 ). These hormones are a diverse

group of chemical messengers, all of which contain four hydrocarbon rings to which distinct

functional groups are attached. Derivatives of phospholipids also serve as messenger molecules

within cells, acting to convey signals from cell surface receptors to intracellular targets (see

Chapter 13).

Nucleic Acids

The nucleic acids— DNA and RNA—are the principal informational molecules of the

cell. Deoxyribonucleic acid (DNA)  has a unique role as the genetic material, which

in eukaryotic cells  is located in the nucleus. Different types of ribonucleic acid

(RNA) participate in a number of cellular activities. Messenger RNA (mRNA)  carries

information from DNA to the ribosomes, where it serves as a template for protein synthesis. Two

other types of RNA ( ribosomal RNA and transfer RNA) are involved in protein synthesis. Still

other kinds of RNAs are involved in the processing and transport of both RNAs and proteins. In

addition to acting as an informational molecule, RNA is also capable of catalyzing a number of

chemical reactions. In present-day cells, these include reactions involved in both protein

synthesis and RNA processing.



DNA and RNA are polymers of nucleotides, which consist of purine and pyrimidine bases

linked to phosphorylated sugars ( Figure 2.10). DNA contains two purines ( adenine and guanine)

and two pyrimidines ( cytosine and thymine). Adenine, guanine, and cytosine are also present in

RNA, but RNA contains uracil in place of thymine. The bases are linked to sugars ( 2′-

deoxyribose in DNA, or ribose in RNA) to form nucleosides. Nucleotides additionally contain

one or more phosphate groups linked to the 5′ carbon of nucleoside sugars.

Components of nucleic acids. Nucleic acids contain purine and pyrimidine bases linked to

phosphorylated sugars. A nucleic acid base linked to a sugar alone is a nucleoside. Nucleotides

additionally contain one or more phosphate groups.

The polymerization of nucleotides to form nucleic acids involves the formation of 

 between the 5′ phosphate of one nucleotide and the 3′ hydroxyl of another

(Figure 2.11 ). Oligonucleotides are small polymers containing only a few nucleotides; the

large polynucleotides that make up cellular RNA and DNA may contain thousands or millions of

nucleotides, respectively. It is important to note that a polynucleotide chain has a sense of

direction, with one end of the chain terminating in a 5′ phosphate group and the other in a 3′

hydroxyl group. Polynucleotides are always synthesized in the 5′ to 3′ direction, with a free

nucleotide being added to the 3′ OH group of a growing chain. By convention, the sequence of

bases in DNA or RNA is also written in the 5′ to 3′ direction.

phosphodiester bonds



Polymerization of nucleotides. A phosphodiester bond is formed between the 3′ hydroxyl group

of one nucleotide and the 5′ phosphate group of another. A polynucleotide chain has a sense of

direction, one end terminating in a 5′ (more...)

The information in DNA and RNA is conveyed by the order of the bases in

the polynucleotide chain. DNA is a double-stranded molecule consisting of two polynucleotide

chains running in opposite directions (see Chapter 3). The bases are on the inside of the

molecule, and the two chains are joined by hydrogen bonds between complementary base



pairs—adenine pairing with thymine and guanine with cytosine (Figure 2.12 ). The important

consequence of such complementary base pairing is that one strand of DNA (or RNA) can act as

a template to direct the synthesis of a complementary strand. Nucleic acids are thus uniquely

capable of directing their own self-replication, allowing them to function as the fundamental

informational molecules of the cell. The information carried by DNA and RNA directs the

synthesis of specific proteins, which control most cellular activities.

Complementary pairing between nucleic acid bases. The formation of hydrogen bonds between

bases on opposite strands of DNA leads to the specific pairing of guanine (G) with cytosine (C)

and adenine (A) with thymine (T).

Nucleotides are not only important as the building blocks of nucleic acids; they also play critical

roles in other cell processes. Perhaps the most prominent example is adenosine 5′-triphosphate

(ATP), which is the principal form of chemical energy within cells. Other nucleotides similarly

function as carriers of either energy or reactive chemical groups in a wide variety of metabolic

reactions. In addition, some nucleotides (e.g., cyclic AMP) are important signaling molecules

within cells (see Chapter 13).

Proteins

While nucleic acids carry the genetic information of the cell, the primary responsibility

of proteins is to execute the tasks directed by that information. Proteins are the most diverse of

all macromolecules, and each cell contains several thousand different proteins, which perform a

wide variety of functions. The roles of proteins include serving as structural components of cells

and tissues, acting in the transport and storage of small molecules (e.g., the transport of oxygen

by hemoglobin), transmitting information between cells (e.g., protein hormones), and providing a

defense against infection (e.g., antibodies). The most fundamental property of proteins, however,

is their ability to act as enzymes, which, as discussed in the following section, catalyze nearly all

the chemical reactions in biological systems. Thus, proteins direct virtually all activities of the



cell. The central importance of proteins in biological chemistry is indicated by their name, which

is derived from the Greek word proteios, meaning “of the first rank.”

Proteins are polymers of 20 different amino acids . Each amino acid  consists of a carbon atom

(called the α carbon) bonded to a carboxyl group (COO -), an amino group (NH 3+), a hydrogen

atom, and a distinctive side chain ( Figure 2.13). The specific chemical properties of the different

amino acid side chains determine the roles of each amino acid in protein structure and function.

Structure of amino acids. Each amino acid consists of a central carbon atom (the α carbon)

bonded to a hydrogen atom, a carboxyl group, an amino group, and a specific side chain

(designated R). At physiological pH, both the carboxyl and amino (more...)

The amino acids can be grouped into four broad categories according to the properties of their

side chains ( Figure 2.14). Ten amino acids have nonpolar side chains that do not interact with

water. Glycine is the simplest amino acid, with a side chain consisting of only a hydrogen atom.

Alanine, valine, leucine, and isoleucine have hydrocarbon side chains consisting of up to four

carbon atoms. The side chains of these amino acids are hydrophobic and therefore tend to be

located in the interior of proteins, where they are not in contact with water. Proline similarly has

a hydrocarbon side chain, but it is unique in that its side chain is bonded to the nitrogen of the

amino group as well as to the α carbon, forming a cyclic structure. The side chains of two amino

acids, cysteine and methionine, contain sulfur atoms. Methionine is quite hydrophobic, but

cysteine is less so because of its sulfhydryl (SH) group. As discussed later, the sulfhydryl group

of cysteine plays an important role in protein structure because disulfide bonds can form between

the side chains of different cysteine residues. Finally, two nonpolar amino acids, phenylalanine

and tryptophan, have side chains containing very hydrophobic aromatic rings.



The amino acids. The three-letter and one-letter abbreviations for each amino acid are indicated.

The amino acids are grouped into four categories according to the properties of their side chains:

nonpolar, polar, basic, and acidic.

Five amino acids have uncharged but polar side chains. These include serine, threonine, and

tyrosine, which have hydroxyl groups on their side chains, as well as asparagine and glutamine,

which have polar amide (O=C—NH2) groups. Because the polar side chains of these amino acids

can form hydrogen bonds with water, these amino acids are hydrophilic and tend to be located on

the outside of proteins.

The amino acids lysine, arginine, and histidine have side chains with charged basic groups.

Lysine and arginine are very basic amino acids, and their side chains are positively charged in

the cell. Consequently, they are very hydrophilic and are found in contact with water on the

surface of proteins. Histidine can be either uncharged or positively charged at physiological pH,

so it frequently plays an active role in enzymatic reactions involving the exchange of hydrogen

ions, as illustrated in the example of enzymatic catalysis discussed in the following section.

Finally, two amino acids, aspartic acid and glutamic acid, have acidic side chains terminating in

carboxyl groups. These amino acids are negatively charged within the cell and are therefore

frequently referred to as aspartate and glutamate. Like the basic amino acids, these acidic amino

acids are very hydrophilic and are usually located on the surface of proteins.

Amino acids are joined together by peptide bonds  between the α amino group of one amino

acid and the α carboxyl group of a second ( Figure 2.15). Polypeptides are linear chains of amino



acids, usually hundreds or thousands of amino acids in length. Each polypeptide chain has two

distinct ends, one terminating in an α amino group (the amino, or N, terminus) and the other in

an α carboxyl group (the carboxy, or C, terminus). Polypeptides are synthesized from the amino

to the carboxy terminus, and the sequence of amino acids in a polypeptide is written (by

convention) in the same order.

Formation of a peptide bond. The carboxyl group of one amino acid is linked to the amino group

of a second.

The defining characteristic of proteins is that they are polypeptides with specific amino

acid sequences. In 1953 Frederick Sanger was the first to determine the complete amino acid

sequence of a protein, the hormone insulin. Insulin was found to consist of

two polypeptide chains, joined by disulfide bonds between cysteine residues ( Figure 2.16). Most

important, Sanger's experiment revealed that each protein consists of a specific amino acid

sequence. Proteins are currently sequenced using automated methods, and the complete amino

acid sequences of over 100,000 proteins are now known. Each consists of a unique sequence of

amino acids, determined by the order of nucleotides in a gene (see Chapter 3).



Amino acid sequence of insulin. Insulin consists of two polypeptide chains, one of 21 and the

other of 30 amino acids (indicated here by their one-letter codes). The side chains of three pairs

of cysteine residues are joined by disulfide bonds, two of (more...)

The amino acid sequence of a protein is only the first element of its structure. Rather than being

extended chains of amino acids, proteins adopt distinct three-dimensional conformations that are

critical to their function. These three-dimensional conformations of proteins are the result of

interactions between their constituent amino acids, so the shapes of proteins are determined by

their amino acid sequences. This was first demonstrated by experiments of Christian Anfinsen in

which he disrupted the three-dimensional structures of proteins by treatments, such as heating,

that break noncovalent bonds—a process called denaturation (Figure 2.17). Following incubation

under milder conditions, such denatured proteins often spontaneously returned to their native

conformations, indicating that these conformations were directly determined by the amino acid

sequence.

Protein denaturation and refolding. Ribonuclease (RNase) is a protein of 124 amino acids

(indicated by numbers). The protein is normally folded into its native conformation, which

contains four disulfide bonds (indicated as paired circles representing (more...)

The three-dimensional structure of proteins is most frequently analyzed by X-ray

crystallography, a high-resolution technique that can determine the arrangement of individual

atoms within a molecule. A beam of X rays is directed at crystals of the protein to be analyzed,

and the pattern of X rays that pass through the protein crystal is detected on X-ray film. As the X

rays strike the crystal, they are scattered in characteristic patterns determined by the arrangement

of atoms in the molecule. The structure of the molecule can therefore be deduced from the

pattern of scattered X rays (the diffraction pattern).



In 1958 John Kendrew was the first to determine the three-dimensional structure of a protein,

myoglobin—a relatively simple protein of 153 amino acids ( Figure 2.18). Since then, the three-

dimensional structures of several thousand proteins have been analyzed. Most, like myoglobin,

are globular proteins with polypeptide chains folded into compact structures, although some

(such as the structural proteins of connective tissues) are long fibrous molecules. Analysis of the

three-dimensional structures of these proteins has revealed several basic principles that govern

protein folding, although protein structure is so complex that predicting the three-dimensional

structure of a protein directly from its amino acid sequence is impossible.

Three-dimensional structure of myoglobin. Myoglobin is a protein of 153 amino acids that is

involved in oxygen transport. The polypeptide chain is folded around a heme group that serves as

the oxygen-binding site.

Protein structure is generally described as having four levels. The primary structure of a protein

is the sequence of amino acids in its polypeptide chain. The secondary structure  is the regular

arrangement of amino acids within localized regions of the polypeptide. Two types of secondary

structure, which were first proposed by Linus Pauling and Robert Corey in 1951, are particularly

common: the α helix  and the β sheet . Both of these secondary structures are held together by

hydrogen bonds between the CO and NH groups of peptide bonds. An α helix is formed when a

region of a polypeptide chain coils around itself, with the CO group of one peptide bond forming

a hydrogen bond with the NH group of a peptide bond located four residues downstream in the

linear polypeptide chain ( Figure 2.19 ). In contrast, a β sheet  is formed when two parts of a

polypeptide chain lie side by side with hydrogen bonds between them. Such β sheets can be

formed between several polypeptide strands, which can be oriented either parallel or antiparallel

to each other.



Secondary structure of proteins. The most common types of secondary structure are the α helix

and the β sheet. In an α helix, hydrogen bonds form between CO and NH groups of peptide

bonds separated by four amino acid residues. (more...)

Tertiary structure  is the folding of the polypeptide chain as a result of interactions between the

side chains of amino acids that lie in different regions of the primary sequence ( Figure 2.20). In

most proteins, combinations of α helices and β sheets, connected by loop regions of the

polypeptide chain, fold into compact globular structures called domains, which are the basic

units of tertiary structure . Small proteins, such as ribonuclease or myoglobin, contain only a

single domain; larger proteins may contain a number of different domains, which are frequently

associated with distinct functions.

Tertiary structure of ribonuclease. Regions of α-helix and β-sheet secondary structures,

connected by loop regions, are folded into the native conformation of the protein. In this

schematic representation of the polypeptide chain as a (more...)



A critical determinant of tertiary structure  is the localization of hydrophobic amino acids in the

interior of the protein and of hydrophilic amino acids on the surface, where they interact with

water. The interiors of folded proteins thus consist mainly of hydrophobic amino acids arranged

in α helices and β sheets; these secondary structures are found in the hydrophobic cores of

proteins because hydrogen bonding neutralizes the polar character of the CO and NH groups of

the polypeptide backbone. The loop regions connecting the elements of secondary structure  are

found on the surface of folded proteins, where the polar components of the peptide bonds form

hydrogen bonds with water or with the polar side chains of hydrophilic amino acids. Interactions

between polar amino acid side chains (hydrogen bonds and ionic bonds) on the protein surface

are also important determinants of tertiary structure. In addition, the covalent disulfide bonds

between the sulfhydryl groups of cysteine residues stabilize the folded structures of many cell-

surface or secreted proteins.

The fourth level of protein structure, quaternary structure , consists of the interactions between

different polypeptide chains in proteins composed of more than one polypeptide. Hemoglobin,

for example, is composed of four polypeptide chains held together by the same types of

interactions that maintain tertiary structure (Figure 2.21).

Quaternary structure of hemoglobin. Hemoglobin is composed of four poly-peptide chains, each

of which is bound to a heme group. The two α chains and the two β chains are identical.

The distinct chemical characteristics of the 20 different amino acids thus lead to considerable

variation in the three-dimensional conformations of folded proteins. Consequently, proteins

constitute an extremely complex and diverse group of macromolecules, suited to the wide variety

of tasks they perform in cell biology.




